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Abstract 
This work studies the relationship between colony and biofilm formation of Staphylococcus aureus and the surface characteristics 
of the prostheses used for osteosynthesis. Specifically, the resistance to disinfection with antibiotic offered by bacteria developed 
in prostheses with different types of mechanical defects is analyzed. These defects may be the result of manufacture-related or 
surgery –induced damage. A method was developed to verify the way in which the probes can conduct bacteria. In our lexicon 
conduction means that a probe can keep bacteria or bacterial colonies alive despite being subjected to the action of high 
concentration of antibiotic. The results of this work reveal that whereas the perfectly polished samples do not conduct bacteria 
and can be treated with antibiotics, the prostheses with defects or rough areas do and the antibiotic itself does not produce the 
desired effect. 
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1 Introduction 
Bacterial and fungal infections caused by surgical implants in clinics and hospitals are numerous, causing 
economic losses as well as severe health problems to patients. When these infections take place in stainless steel 
prostheses and the infectious agent has colonized the implant, it can be very difficult to combat the disease.  
(Bergallo, 2000). In many cases antibiotic disinfection (ATB) or antifungal agents are unsuccessful so it is necessary 
to remove the prosthesis, which entails performing a new surgery. Obviously, this has a high economic cost and, 
most importantly, a serious human problem, especially if the patient is not a young person. 
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At the UTN FRP Materials Laboratory, quality control tests on prostheses removed from patients were performed 
and it was noticed that the pieces analyzed presented several defects such as folds, burrs, curly metal, intra-
crystalline corrosion and fissures. It is noteworthy that the medical history of these patients suggests that traditional 
means of disinfection were applied without success. This was observed in all the cases analyzed, so it was 
hypothesized that these microscopic defects are suitable places for the bacteria to colonize the material, even 
forming a biofilm which protects them from the ATB effect. 
The characteristics of bacterial adherence to biomaterials have extensively been reported in the literature. Na and 
Friedman (1998) analyzed physical and chemical phenomena of adhesion. The importance of a smooth surface 
finish of stainless steel pieces was reported by Arnold and Bailey (2000) in the use of pipes for the food industry. 
Katsikogianni and Missirlis (2004) referred to the mechanisms of bacterial adhesion to biomaterial surfaces, factors 
affecting adherence, techniques used in estimating bacteria-material interactions and the models that have been 
developed to predict the adherence. 
In the present research study, metallurgical defects in prostheses and its consequences in relation to bacteria 
conduction were investigated. The study was carried out on stainless steel probes that presented mechanical defects 
following a rigorous research methodology. Commercial yeast (Sacaromise spp.) and the Staphylococcus aureus 
bacterium were used to colonize the prostheses. Tests were repeatedly replicated at the UTN FRP Laboratory as well 
as externally validated at Universidad Nacional del Litoral.  
2. Experimental Procedures/Methodology 
The samples examined were pieces of stainless steel prostheses removed from patients. Some samples showed 
defects of folds, burrs and stripes, probably produced in surgery when placing the prosthesis inside the patient. Other 
samples were similar pieces but without defects; in some cases the sample was deliberately polished to completely 
remove their surface defects for comparison purposes. Samples were first cleaned and sterilized by dry heat in a test 
tube at 270 °C for about 2 hours and then they were inoculated with a microorganism until the samples were 
colonized. 
 
2.1 Tests with yeast 
 
Yeasts have the advantage of being completely harmless to health and they can be seen interacting with metal in 
a metallographic microscope as they measure about 6 microns. Testing can be done in liquid medium and the 
movement of the yeast can be followed at the time of the experiment. The disadvantage of the size of this organism 
for the purposes of the present study is its impossibility to enter certain types of microscopic deformations, so the 
cleaning and disinfection is easier than in the case of bacteria colonization. 
Throughout the study, a sterile atmosphere was guaranteed by working between Bunsen burners and using 
glassware sterilized by dry heat for 120 minutes at 270 °C. Four grams of commercial yeast were placed in an 
Erlenmeyer flask and 200 mL of culture medium (pasteurized grape juice) were added. The samples were placed in 
the flasks and incubated at 28 ºC for 96 hours. Then, the samples were removed, rinsed with sterile distilled water 
and allowed to dry under sterile conditions. Once dried, they were disinfected by introducing them into a solution of 
commercial disinfectant (composition: 5.91% Triethylene, saccharinate alkyl dimethyl benzyl ammonium chloride 
0.29 %) for 1 hour. After that, samples were removed, rinsed with sterile distilled water for 2 hours to eliminate any 
residual disinfectant and finally placed in a test tube with sterile culture medium. The samples were incubated at 28 
°C to observe whether bacteria developed.  All assays were performed by incubating a positive contaminated control 
tube (colonized but not disinfected sample), and a negative control tube (culture medium). 
 
2.2 Tests with S. aureus 
 
S. aureus has the following advantages: i) unlike yeasts, its smaller size allows it to access and colonize smaller 
cavities, and ii) most hospital-acquired infections are caused by this bacterium, which highlights the importance of 
the present research. On the other hand, it is difficult to see S. aureus in the metallographic microscope unless it is 
dyed. Also, more biosecurity measures must be taken since it is a potentially pathogenic microorganism. 
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Some colonies were taken from a petri dish, in which the bacteria had developed in Tryptic Soy Agar (Britania), 
and placed in a test tube containing 1 mL tryptic soy broth with 1 % of glucose, to promote biofilm formation. The 
bacteria were incubated in a culture oven for 24 hours at 37 °C. 
Once the inoculum developed, it was poured into 100 mL of tryptic soy broth with 1 % of glucose and sterile 
prostheses (with defects and perfectly polished samples) were introduced. They were incubated in a culture oven for 
24 hours at 37 °C. 
After 24 hours of incubation, the culture medium became turbid, indicating that there was bacteria development. 
The samples were taken and rinsed in sterile distilled water for 10 minutes with mild agitation. Washing was 
repeated 3 times and the samples were allowed to dry in a sterile atmosphere. Specimens were placed in individual 
Erlenmeyers containing the antibiotic cefazolin at a concentration of 1.28 mg of antibiotic per milliliter of sterile 
saline and allowed to react for 6 hours. After this time period, the specimens were rinsed in sterile distilled water for 
15 minutes in individual Erlenmeyers to remove the antibiotic and allowed to dry . 
The specimens were placed in test tubes containing 3 mL of sterile trypticase soy broth and incubated in a culture 
oven at 37 °C. The incubation was followed by means of a camera connected to a computer which took pictures 
every 20 minutes during the period of the trial. 
 
2.3 External Validation  
 
In order to validate the results obtained, further tests were conducted at the Laboratory of Microbiology, Facultad 
de Bioquímica y Ciencias Biológicas de la Universidad Nacional del Litoral. 
Two prosthetic samples were evaluated: one perfectly polished and the other with metalworking defects. They 
were inoculated with S. aureus as previously described and then rinsed and placed for 7 hours in an antibiotic 
solution of cefazoline at a concentration calculated to be approximately equal to the concentration which reaches the 
bloodstream antibiotic when treating infection in a patient. Then, the samples were removed and rinsed three times. 
The bacteria developed were counted in the residue of each rinse and reported as colony forming units (CFU) per 
mL.  
3 Results and Discussion 
3.1 Tests with yeast 
 
Ten assays were performed, evaluating a different number of samples in each one. The obtained results are 
shown in Table 1. In 60% of the trials, yeast growth was observed in at least one sample, indicating that the 
disinfectant could not remove the yeast inoculated (Figure 1). 
Despite the disinfectant effect, there was colonization of samples in areas protected by mechanical defects. 
Where there was Samples  without growth inoculation, it could be attributed to yeasts not being able to enter 
protected sites (Tests 2,4,6,8).  Therefore, if the stainless steel prosthesis presents some of the mentioned defects, 
there is a potential risk that a pathogen finds a place not reached by the antibiotic or antifungal and the patient’s 
infection cannot be eradicated. 
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                              Table 1. Conduction tests with yeast 
Test               Number of         
Samples 
Samples with growth Time (days) 
1 6 1 10 
2 7 0 - 
3 9 1 5 
4 9 0 - 
5 9 3 5 
6 7 0 - 
7 7 1 8 
8 7 0 - 
9 7 1 6 
10 7 1 5 
 
 
a 
 
b 
   
 
Fig 1. (a)  Striped test piece and inoculated with yeast.  (Note that the thicker stripes permit yeast housing). (b) Sample with metallurgical defect 
induced during surgery. Yeasts survived disinfection and developed into a new culture medium. 
 
3.2 Tests with S. aureus 
 
  Table 2 shows the results of 7 tests with S. aureus. In 100% of the cases, bacterial growth was observed in the 
samples with defects. These results suggest that defects protected the bacteria from the action of the antibiotic. Note 
that in colonized perfectly polished samples, the antibiotic acted without impediments and removed all bacteria (in 6 
out of 7 tests) or significantly delayed its development (see test number 3). Figure 3 shows an illustrative image of 
one of the tests, where positive (turbid) and negative (crystalline) tubes can be observed.  
 
 
 
 
 
 
Defect 
Development 
from defect 
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Table 2. Conduction tests with S. aureus. 
 
 
 
 
 
Symbol "+" indicates development and "-" indicates the absence of development. The time 
when development was observed is shown in parentheses 
 
 
 
 
Fig 2. Conduction tests with S. aureus. Tubes with development (turbid) contain samples with 
metalworking defects and tube with no development (crystalline) contain a sample without defects.  
 
3.3 External Validation  
 
Figure 3 presents the results of the validation tests carried out at Universidad Nacional del Litoral. It shows the 
persistence of S. aureus despite the repeated washing done after a 7 hour contact of the samples with a solution of 32 
Pg / mL of the cefazolin antibiotic.   
 
Fig 3. Validation tests. Persistence of  S. aureus in samples with and without defects 
 
By means of these validation tests previously obtained results were replicated. When a sample with defects was 
colonized by bacteria the antibiotic effect was reduced in comparison to a colonized sample without defects. In the 
case of the sample with defects, the persistence of viable cells of S. aureus reached a constant value and it was not 
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Sample without defects
Sample with defects
Test Samples with defects Samples without defects 
1 2 3 4 5 6 
1 + (24h) + (24h) + (48h) - - - 
2 + (24h) + (24h) + (24h) + (24h) - - 
3 + (24h) + (24h) + (24h) + (24h) + (48h) + (48h) 
4 + (24h) + (24h) + (24h) + (24h) - - 
5 + (24h) + (24h) + (24h) + (24h) - - 
6 + (24h) + (24h) + (24h) + (24h) - - 
7 + (24h) + (24h) + (24h) + (24h) - - 
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possible to complete elimination, which was achieved in the case of the sample without defect after 4 washing 
sessions. 
The hypothesis of this paper suggests that the samples or prostheses containing manufacture related or surgery 
induced defects could provide sites of bacteria protection if there is prosthesis infection. According to results, it can 
be confirmed that defects in prostheses will protect bacteria and antibiotic treatment will yield poor results. 
However, if there is an infection in a perfectly polished prosthesis, free of defects, antibiotic treatment will be 
considerably more effective. 
Although it is beyond the scope of this study, it is important to highlight aspects connected with defects coming 
from either the manufacturing process or as a result of surgical procedures in order to prevent bacteria from 
colonizing prostheses. In connection with metalwork defects, it is interesting to report that our laboratory 
observations point to frequent burrs and bends at the base of the screw allen heads base, not commonly described in 
the existing literature on this topic. As well as this, another aspect to consider is the difference in hardness of the 
screws and the prosthesis and the interaction that takes place between these two. As regards surgery-induced defects, 
there could be a reduction of such damage if the surface of the prosthesis were wrapped in a protective coat by 
means of processes, such as ionic nitriding, which do not affect the properties of the piece itself. Another aspect to 
consider is the utilization of the adequate surgical tools along with the proper use of these.  
  4.  Conclusions 
In this work, the influence of surface metalworking defects in implantable stainless steel prostheses and its 
relation to infections after surgery was studied. These infections in many cases lead to the removal of the infected 
prosthesis and to a new surgery. 
The work was done according to the protocol described in the previous section. The results of the tests, further 
validated at another institution for scientific rigour (Section 2.3 and 3.3), should be considered a repetitive 
occurrence of the same phenomenon, supporting the hypothesis put forth.  Therefore, it can be affirmed that the 
presence of metallurgical defects in prosthesis will be potential protection sites if an infection develops in the 
patient. It will be very difficult to fight this infection by means of traditional methods, which may in some cases 
result in the patient’s death. 
The results of this investigation suggest that constant quality control of prostheses to ensure compliance with 
current regulations (NOM-153-SSA1-1996, IRAM 9402, IRAM 9424, ISO 5832-1 and ASTM F86-12) could 
promptly detect manufacturing defects and avoid the problems aforementioned. The defects that occur during 
surgery should be subject of intense investigation as well. 
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